Process of metal evaporation in laser welding is accompanied by dynamic impact of metal vapours on pool free surface. As this process proceeds non-uniformly over pool surface, reactive vapour pressure can differ considerably in its different sections, leading to depression of melt free surface. This work proposes a mathematical model allowing investigation of penetration dynamics and shape of weld pool free surface in laser welding of sheet metals by a stationary pulsed source (spot welding). When developing the model, we assumed that heat transfer process in the metal is due to heat conductivity and convection, and heat losses from the surface are due to metal evaporation and energy loss for heat radiation. The work gives the results of numerical modeling of weld pool penetration dynamics derived with application of the developed model. 6 Ref., 7 Figures.
Impact of concentrated energy sources, such as focused laser beam, on metal products being welded, may lead to intensive evaporation of metal from weld pool surface. Evaporation process is accompanied both by heat losses and dynamic impact of metal vapours on melt free surface. Under certain heating conditions, reactive vapour pressure can be quite high to cause significant depression of weld pool surface. Moreover, heating by a concentrated energy source creates a high temperature gradient along the melt free surface that is the cause for generation of Marangoni thermocapillary convection in weld pool volume. As shown by previous studies [1] , thermocapillary surface forces have an essential influence on the pattern of metal flow in the weld pool and largely determine the dimensions and shape of penetration zone in different fusion welding processes.
This study proposes a mathematical model describing thermal and hydrodynamic processes in molten metal pool in spot laser welding of sheet metal. For model development it was assumed that heat transfer in the metal occurs through heat conductivity and convection, whereas heat losses from the surface are due to metal evaporation and heat radiation flow. Hydrodynamic process model used in the work is based on Navier-Stokes equations for viscous incompressible liquid and allows for capillary pressure due to curvature of molten metal free surface, as well as Marangoni thermocapillary effect. For model simplification it was assumed that all the described physical processes have the property of axial symmetry. The work analyzes the influence of various physical factors on penetration process dynamics. For this purpose comparative analysis of three models of weld pool dynamics was performed:
• heat conductivity model;
• model of convective-conductive heat transfer allowing for free surface curvature due to reactive vapour pressure;
• model of convective-conductive heat transfer allowing for reactive vapour pressure and thermocapillary Marangoni effect.
Assessment of metal movement speed. Before describing the mathematical model, let us assess the speed of melt motion in the weld pool in spot laser welding of sheet low-carbon steel. Material properties used in further calculations, are taken from work [2] and are given below: 
where μ is the dynamic viscosity of liquid metal; u s is the value of radial component of speed vector on the surface; δ is the distance from the surface to eddy center ( Figure 1 ). On the other hand, for value P m we can write
where γ is the surface tension coefficient of liquid metal; L is the weld pool radius. At derivation of (2) we assumed that temperature in the pool center corresponds to boiling point under normal conditions. We will also assume δ = L/4, then we will finally have
Value of Peclet number for the considered conditions Pe = u s L/α = 630, where α is the coefficient of molten metal heat conductivity, indicates that convective heat transfer will have an essential influence on metal pool heat condition.
Description of mathematical model. Numerical solution procedure. To describe thermal processes in the metal being welded, we will use the equation of heat transfer in area Ω (Figure 2 ):
where u, v are the components of speed vector; H is the specific enthalpy; η is the liquid phase fraction. We will complement equation (4) by boundary and initial conditions:
The following designations were introduced in condition (6): A is the coefficient of laser radiation absorption by metal surface; q s is the laser radiation power density; q ev is the specific heat flow due to metal evaporation from pool surface; q rad is the specific radiant heat flow. To describe radiation power distribution in the laser beam the following dependence was used:
where q 0 is the intensity of laser radiation on beam axis; r 0 is the beam radius on item surface. At calculation of absorption coefficient it was assumed that laser radiation has random polarization. In this case
Here
are the coefficients of reflection of s-and p-polarized waves by metal surface, respectively; ϕ is the angle of incidence (see Figure 2) ; ε ω is the complex dielectric permeability of metal at laser radiation frequency. Energy losses due to heat radiation were found from Stefan-Boltzmann law: σ ϕϕ = -P + 2μ u r are the σ stress tensor components; g is the free fall acceleration; P is the pressure in the melt. We will write boundary conditions for equations (11)-(13) in the following form:
where n → and τ → are the unit vectors of normal and tangential to the surface, respectively (see Figure 2); K is the average curvature of liquid metal surface; V → Γ is the speed of boundary movement. Equation (14) describes the balance of normal and tangential stresses on the pool free surface, whereas (15) gives the kinematic boundary conditions.
To solve problems (4)- (8) and (11)- (16) arbitrary Lagrangian-Eulerian method [3] was applied together with finite element method [4] . Calculated area Ω (see Figure 2 ) covers liquid metal zone, and also includes the solid phase. When solving the hydrodynamic problem, viscosity in the solid phase is assumed to be high enough (10 8 higher than liquid metal viscosity). During performance of calculation experiment, it allows suppressing metal movement in the solid phase, and eliminates the need to adapt the FE net for melting front shape and assign additional boundary conditions in the melting front. Such an approach was proposed for the first time in [5] , and is found in publications under the title «effective viscosity method».
Numerical modeling results. Numerical experiments were conducted for the conditions of laser spot welding (Nd:YAG-laser) of low-carbon steel 0.3 mm thick. Temperature dependencies of evaporation process characteristics (heat losses through evaporation and reactive pressure of met- Figure 5 . Dependence of coefficient of absorption of laser radiation (1.06 μm wave length) by the surface of low-carbon steel on temperature and angle of incidence al vapours) were derived using a model proposed in [6] , and are given in Figures 3 and 4 . Dependence of the coefficient of absorption for laser radiation with selected wave length on angle of incidence and metal surface temperature, determined by expression (10), is given in Figure 5 . Process parameters, used in calculations, are given below: On the whole, modeling results given in Figures 6 and 7 allow stating that Marangoni convection mainly influences the width of penetration zone, whereas pool surface depression promotes an increase of its depth. This results from increase of heat flow to the solid phase, due to reduction of thickness of liquid metal interlayer between pool surface and melting boundary.
Thus, the most adequate mathematical model of metal penetration in spot laser welding of sheet materials is that of convective-conductive heat transfer in the weld pool, allowing for reactive pressure of vapours on its surface and thermocapillary Marangoni effect (model III). This model allows in the most comprehensive manner for the processes of heat and mass transfer on the surface and in the volume of weld pool in laser welding of thin metal.
